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We study the dynamics of electrodeposition of a metal in contact with
a liquid crystalline electrolyte. A nematic liquid crystalline electrolyte
introduces an additional overpotential due to its bulk distortion and
anchoring free energy. A phase-field model is built to simulate the
morphological evolution of the metal anode under electrodeposition
with nematic liquid crystal electrolyte. We provide design guidelines
for achieving smooth electrodeposition with liquid crystalline elec-
trolyte; in particular, we identify high anchoring energy can suppress
dendrite growth. Liquid crystalline electrolytes offer a new avenue to-
wards enabling high energy density rechargeable batteries based on
metal anodes.
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Metal electrodeposition is a process of fundamental im-
portance with applications ranging from generating surface
coatings and multilayer thin films to designing functional
nanomaterials (1–4). Recently, there is a great resurgence of
interest in understanding electrodeposition as rechargeable
batteries based on lithium (Li) metal anodes has emerged as a
viable strategy for improving the energy density of Li-ion bat-
teries. In addition, fast charging requirement in rechargeable
batteries (5) requires electrodeposition at high rates which
leads to the well-known dendritic instability (6).
Numerous approaches for suppressing dendritic growth have
been proposed. These include artificial solid electrolyte in-
terphase (SEI) (7–9), additives in liquid electrolytes (10–16),
surface nanostructuring (17, 18), solid polymer or inorganic
electrolytes (19–23). Among the many approaches, mechanical
suppression of dendrite growth through stresses at solid-solid
interfaces provides design principles for the desired mechani-
cal properties for polymer and inorganic electrolytes (24–26).
These analyses suggest that polymers with high shear modu-
lus, while ceramics with low shear modulus can lead to stable
electrodeposition. Generally, most polymers tend to be soft
while ceramics tend to be hard and hence finding ceramic
or polymer materials that satisfy the stability criterion has
proved challenging (27).
Liquid crystalline materials offer an interesting new avenue
to suppress dendritic growth through additional energetic
contributions that emerge due to distortion and anchoring.
These energies originate from the tendency of the anisotropic
molecules to align resulting in an ordered arrangement (28).
As compared to the other dendrite suppression methods, liquid
crystals are easy to synthesize, manufacture and integrate into
batteries, while offering the potential to suppress dendrites
without external forces (e.g. stack pressure). Liquid crystal
surface properties like anchoring energy are of importance in
opto-electronic applications like liquid crystal displays, lithog-
raphy and molecular electronics (29). Recently, Li-containing
liquid crystalline materials have been developed as electrolytes
possessing high ionic conductivity (30). In this work, we sim-
ulate electrodeposition of a metal anode in the presence of a
liquid crystalline electrolyte. We find that liquid crystalline
electrolytes with sufficient anchoring energy at the interface
with the metal anode can greatly suppress dendrite growth.
We quantify dendrite suppression using three metrics based
on the shape and location of the interface and its growth
with time. Based on this analysis, we provide design rules for
material architectures that can meet this criterion.
Liquid crystalline phases are commonly found in materials
composed of anisotropic molecules which interact with one
another. In the simplest liquid crystalline phase called the
nematic phase, molecules tend to orient parallel to each other
giving rise to orientational order but no long range positional
order. Engineered liquid crystalline materials are attractive
candidates as electrolytes due to the presence of organized
1D, 2D or 3D pathways for ion conduction (30–34). Further,
high transference number, low-cost bulk manufacturing, non-
flammability and wider temperature window may be achieved
in conjunction with fast ionic transport in the crystalline
phase compared to amorphous phase (33, 35–37). Kerr at
al. (34) and Sakuda et al. (38) obtained ionic conductivities
in the range 10−6 − 10−3 S/cm at room temperature. Sakuda
et al. (38) further demonstrated reversible charge-discharge
cycling with LiFePO4 and Li4Ti5O2 cathodes and Li metal
anode. While ionic conductivity and voltage stability of liquid
crystalline electrolytes are promising, a natural question that
emerges is whether liquid crystalline electrolytes in contact
with a metal anode can suppress dendrites.
Fig. 1 shows a schematic of a metal anode in contact
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with a nematic liquid crystalline electrolyte. The average
orientation of the molecules is given by a unit vector n called
the director. In a distorted liquid crystal, the director will
vary with space n = n(r). The bulk distortion free energy
of the liquid crystal can be written in terms of the director
field n using three elastic constants corresponding to splay,
twist and bend deformations (28). In this work, we use the
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Fig. 1. Schematic of an interface between metal electrode and liquid crystalline
electrolyte. n(r) is the director field of the liquid crystal. The liquid crystal molecules
(size exaggerated) orient along the surface of the electrode due to anchoring energy.
one-constant approximation with elastic constant K which
gives a simpler form of the distortion free energy as a volume
integral:
Fd =
∫
dV 12K(∇n · ∇n) [1]
This form is easier to solve and gives valuable insights on
distortions in nematics. Berreman used a similar form of the
distortion free energy to explain the orientation of nematics
in contact with a solid surface and grooved surface (39, 40).
In addition to bulk distortion free energy, existence of an
interface with the Li metal will result in certain preferred
directions for the director of the molecules in contact (41).
The preferred directions can be, for example, crystallographic
directions for an interface with a single crystal or at a certain
angle to the surface in the case of N-(4-methoxybenzylidene)-4-
butylaniline (MBBA) free surface (28, 42). This results in the
so called strong anchoring of the nematic phase at an interface.
Here we use the form of anchoring energy derived from the
expression proposed by Rapini and Papoular (43, 44) (details
in Supplementary Information)
Fanch =
∫
dS 12W (n · v)
2 [2]
where v is the normal to the interface between the electrode
and the liquid crystalline electrolyte,W is the anchoring energy
and the integration is performed over the interface area. This
energy favors alignment of the liquid crystal molecules along
the tangent to the interface.
Since the morphological evolution of the metal anode under
electrodeposition involves moving interfaces, diffuse interface
methods like phase-field model are ideal to treat the prob-
lem (45). A phase-field model is an efficient simulation tool
to obtain mesoscale insights on phase transitions, transfor-
mations and microstructural evolution (46–48). Previously,
several phase-field simulation models have been developed for
obtaining a quantitative understanding of dendrite growth in
Li-ion batteries (49–53). Here we use the fully open source
MOOSE (Multiphysics Object-Oriented Simulation Environ-
ment) framework (54) to solve the phase-field equations (55).
Phase-Field Model
Our phase-field model is based on Plapp’s model (56) that
unifies the thin interface formulations by using the grand
potential functional to generate the phase-field equations. This
formulation permits the use of a larger interface thickness
parameter δ for computational convenience, much greater than
the physical width of the interface while eliminating the non-
physical effects. The phase-field variable ξ is a nonconserved
order parameter whose value is 1 for the metal anode (solid)
and 0 for the electrolyte (liquid). We use the Butler Volmer -
Allen Cahn reaction (BV-ACR) equation for the evolution of
the phase-field variable ξ with time t (49, 52, 53):
∂ξ
∂t
= −Mσ[g′(ξ)− κ∇2ξ]−Mηh′(ξ)f(η)− q [3]
where Mσ and Mη are the interfacial mobility and electro-
chemical reaction kinetics coefficient respectively. g(ξ) =
bξ2(1 − ξ2) is a double-well function where b is related to
the switching barrier and κ is the gradient energy coefficient.
The surface energy γ and interface thickness δ can be used
to obtain the values of b = 12γ/δ and κ = 3δγ/2 (50, 57).
h(ξ) = ξ3(6ξ2 − 15ξ + 10) is the interpolation function for ξ.
A Langevin noise term q is added to the equation to account
for thermal and structural fluctuations. f(η) is related to the
kinetics of electrodeposition in terms of the total overpotential
η at the interface. The overpotential and hence the kinetics is
modified by the liquid crystal due to a change in equilibrium
potential difference between the electrode and the electrolyte.
Let η0 be the overpotential without the liquid crystal and ηLC
be the additional overpotential due to the liquid crystal i.e.
ηLC = η − η0. The charge transfer coefficient for the liquid
crystal overpotential ηLC will in general be different from that
for η0 (25, 58–61). Assuming a Butler Volmer equation with
charge transfer coefficients αc, αa for the cathode and anode,
and a cathodic charge transfer coefficient αd for the liquid
crystal overpotential, we obtain:
f(η) = cLi+
c0
exp
[
−αdnFηLC
RT
]
exp
[
−αcnFη0
RT
]
− exp
[
(1− αd)nFηLC
RT
]
exp
[
αanFη0
RT
]
[4]
Parameters n, F , R and T are the number of electrons
transferred, Faraday’s constant, gas constant and temperature
respectively. The overpotential η can be written in terms
of the potential at the anode (φe) and the electrolyte φ as
η = (φe − φ) − (φe − φ)eqbm. cLi+ is the mole fraction of Li
and c0 is its standard mole fraction. The charge transfer coef-
ficient αd can be associated with mechanical deformation and
heterogeneity at the interface. It is related to the parameter
αm introduced by Monroe and Newman (59) as αd = 1− αm
and the parameters δetrode and δelyte used by McMeeking et
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al. (60). Diggle et al. (58) found the value of αm to be 1, giving
αd = 0. In this work, we have used αd = 0 and αa = αc = 0.5.
Simulations performed using αd = 1 did not show any notice-
able difference in the evolution of the morphology as evident
from Fig. S3.
The calculation of ηLC requires a model for the free energy
of the liquid crystal. A liquid crystalline material in the
electrolyte introduces an additional grand free energy given
by
ΩLC[ξ] =
∫
dV
[1
2K(∇n)
2 + χ(n · ∇ξ)2
]
[1− h(ξ)] [5]
Here χ is the anchoring energy factor accounting for the strong
anchoring for the liquid crystal against the surface of the anode.
The factor 1− h(ξ) ensures that the liquid crystal free energy
is non-zero only in the electrolyte phase. The second term is
active only at the interface due to the presence of ∇ξ. Using
the fact that |∇ξ| ∼ 1/δ at the interface and comparing the
integral of the second term in Eq. (5) with Eq. (2), we obtain
χ ∼ Wδ/2. This can be used to obtain estimates of χ since
measured values forW for different liquid crystals are available
in literature (62). The additional overpotential due to the
liquid crystal can be calculated from its grand free energy
contribution using Eq. 6 (50)
nF
VMz+
ηLC =
δΩLC
δξ
= ∂ΩLC
∂ξ
− ∂ΩLC
∂∇ξ [6]
where VMz+ is the molar volume of the metal in the liquid
crystalline electrolyte. From this equation, we note that the
molar volume accounts for the mole fraction share of energy
of Li ion out of the total liquid crystal energy. Since liquid
crystal relaxation occurs at a time scale much lower than
the time scale of diffusion and electrodeposition, we assume
equilibrium of the liquid crystal director field in the electrolyte
i.e. δΩLC/δn = 0. The constraint n · n = 1 on the director
field is enforced by the hard constraint method utilizing the
Lagrange multiplier technique (55). Together with evolution
equation for the phase-field variable Eq. (3), the equations
for the evolution of the chemical potential of Li and spatial
distribution of the electric potential are also solved and are
given in the Supplementary Information.
Results & discussion
A smooth 20 µm thick Li electrode is used as the initial
configuration for the anode upon which Li is electrodeposited.
The low initial thickness ensures that the cell has a high energy
density due to the high fraction of Li passed per cycle (63,
64). The simulation parameters together with the details
of the initial and boundary conditions are provided in the
Supplementary Information. We used three metrics to quantify
the dendrite growth or suppression during the morphological
evolution of the electrode. The first metric, roughness factor
is a measure of the unevenness of the Li electrode surface
during electrodeposition. A perfectly smooth surface will have
a value of zero whereas a surface with dendritic growth will
have a high value of roughness factor. The roughness factor RF
measures the range of the coordinate profile of the interface.
For Fig. 1, the roughness factor is RF = xmax − xmin. This
is one of the definitions of arithmetic average roughness of
a surface. The second metric is the time required to cause
short circuit (65) at a given x-coordinate in the 2D mesh.
For a given x-coordinate, the short circuit time tsc is defined
as the time when the metal electrode surface reaches that
x-coordinate. This gives an indication of the time to short
circuit the battery if the counter-electrode was located at
that coordinate. The third metric used is related to the arc
length of the interface between the metal electrode and the
electrolyte. When the deposition is uneven, the arc length of
the interface treated as a curve in two dimensions increases.
We measure this deviation using the arc length ratio parameter
L˜ = L/L0 where L is the length of the interface at a given
time calculated by using the arc length formula for a curve
and L0 is the initial length of the interface (= 200 µm in our
simulations). Besides quantifying the deviation from an ideal
interface, the arc length ratio is also related to the amount
of Li consumed due to additional solid electrolyte interphase
(SEI) growth at the non-ideal interface resulting in lowering of
Coulombic efficiency. In the calculation of these metrics, we
used the contour line ξ = 0.5 as the interface between the two
phases.
We simulated electrodeposition on Li metal anode for the
two cases of a conventional liquid electrolyte using the prop-
erties of 1 M LiPF6 in EC:DMC (1:1 volume ratio) solution
(hereafter referred to as the standard electrolyte) and a liq-
uid crystalline electrolyte (hereafter referred to as the LC
electrolyte). The properties of the electrolytes are given in
Supplementary Information. For the sake of comparison, we
assume the dimensionless values of the elastic constant and
the anchoring energy to be K˜ = 2δ˜2R˜T˜ /V˜Li+ = 39.3 and
W˜ = 20. Although LC electrolytes may be engineered to have
anisotropic diffusivity (66), we use isotropic diffusivity here
for comparison with a standard electrolyte. Fig. 2a shows the
variation of maximum x-coordinate of the metal electrode sur-
face and the roughness factor as a function of time (black and
blue lines respectively). For the case of a standard electrolyte,
the metal electrode surface initially grows at a constant veloc-
ity with zero roughness factor. The surface starts to roughen
at t ∼ 100 s or when 20 µm Li has been deposited (x ∼ 40
µm at the interface), and the growth rate of the metal starts
increasing due to high electric field and Li+ concentration at
the tip of the dendrites (53). In contrast, for the case of LC
electrolyte, the surface remains uniform even till t ∼ 300 s
or when 90 µm of Li has been deposited. We observe that
once the surface becomes rough and electrodeposition become
dendritic in Fig. 2a, the growth rate increases rapidly since
the deposition gets focused at the dendrite tips. Therefore,
after the onset of dendritic growth, the maximum x-coordinate
of the metal electrode surface at a given time is different in
the case of a standard electrolyte and an LC electrolyte. For
comparing the other two metrics, we used their values when
the metal electrode surface has attained the same maximum
x-coordinate rather than at the same time. Fig. 2b shows
the variation of the arc length ratio L˜ as a function of the
maximum x-coordinate that the metal electrode surface has
reached. With a standard electrolyte (black line), the interface
arc length ratio quickly becomes greater than one as the metal
electrode surface reaches 40 µm due to growth of surface per-
turbations. For 40 µm . x . 80 µm, several perturbations are
generated at the metal electrode surface leading to a positive
slope of the L˜ vs x plot. As the metal electrode surface reaches
80 µm (60 µm of Li deposition), these perturbations lead to
the growth of three dendrites (movie S1). This leads to an
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Fig. 2. Metal electrode surface growth with a standard and an LC electrolyte. The LC
electrolyte has non-dimensional values of elastic constant K˜ = 39.3 and anchoring
energy W˜ = 20. (a) Evolution of the metal electrode surface over time measured
using the maximum x-coordinate of the interface. Metal electrode surface roughness
(in blue) is quantified using the roughness factor RF = xmax − xmin of the interface.
(b) The interface arc length ratio measured as the ratio of the length of the interface to
the length of the ideal interface is plotted versus xmax. The arc length ratio increases
rapidly due to the development of dendritic peaks with a standard electrolyte which
are suppressed in an LC electrolyte. The insets show the morphology of the metal
surface at xmax = 130 µm.
increased slope of the L˜ vs xmax curve in Fig. 2b. For the case
of an LC electrolyte, the interface arc length remains close to
the initial value till x ∼ 100 µm or for 80 µm of electrodepo-
sition. After this point, there is a small increase in the arc
length ratio due to generation of small surface perturbations,
however, none of the perturbations are observed to grow into
large dendrites (movie S2).
The discussion above clearly provides a compelling demon-
stration of the dendrite suppressing nature of LC electrolytes.
The liquid crystal is able to suppress the small perturbations at
the surface through a delicate interplay between distortion free
energy, oxidation and reduction processes. In contrast to the
standard electrolyte, we do not observe high current density
hotspots during electrodeposition with an LC electrolyte at
the interface. The existence of sharp peaks or valleys on the
surface will result in sudden change in the orientation of the
director field due to the strong anchoring boundary condition
at the interface. This will result in an unfavorable high energy
configuration of the director field. Our results confirm that
it is possible to suppress dendrite growth and enhance the
fraction of Li passed during cycling using an LC electrolyte.
Nucleation- To understand the rearrangement of the direc-
tor field at a rough surface and its effects on electrodeposition,
we generate an initial perturbation on the the metal electrode
surface and simulate electrodeposition under an applied over-
potential. The perturbation is a hemispherical nucleus with
three different radii: 5 µm, 10 µm and 20 µm generated by
setting the initial condition for the phase-field variable ξ = 0
inside the hemisphere. The director field of the liquid crystal
reorients in response to the perturbation of the metal elec-
trode surface (Fig. S2). Due to anchoring energy of the LC
electrolyte, the director field becomes tangent to the metal
electrode surface at the interface. The director field in the bulk
also changes to minimize the distortion free energy propor-
tional to the bulk elastic constant. Fig. 3a shows the maximum
x-coordinate and roughness of the metal surface with time for
the standard and LC electrolyte. The insets show the initial
condition and the metal surface after 120 s of electrodeposition.
Electrodeposition with the standard electrolyte leads to the
development of sharp peaks from the initial nucleus. These
peaks originate from the high current hotspots and encourage
faster electrodeposition by attracting metal ions due to the
high electric fields generated. The LC electrolyte prevents the
formation of sharp peaks at the interface due to the anchoring
energy, leading to an approximately constant growth velocity
at the metal surface. The functionMηh′(ξ)f(η), which is the
growth rate of the metal surface due to the overpotential, is
plotted for the standard and LC electrolyte in Fig. S4 at t = 31
s. The standard electrolyte case has a more localized brown
region at the tip of the hemisphere, showing a high current
density hotspot compared to the LC electrolyte case. This
point is elucidated in Fig. 3b showing the maximum of the
metal surface growth rate due to overpotential,Mηh′(ξ)f(η)
at each y-coordinate in the 2D domain. The maximum in the
growth rate for a given y-coordinate occurs at the interface
where the electrodeposition reaction occurs. The growth rate
for the standard electrolyte is much more localized at the tip
of the nucleus (y = 100 µm) compared to that for an LC
electrolyte. The arc length ratio plotted as a function of the
maximum x-coordinate of the metal surface for different initial
nucleus radii also increases faster for the standard electrolyte
compared to the LC electrolyte (Fig. S7). Fig. 3c shows the
variation of the arc length ratio at xmax = 160 µm with the
radius of the nucleus. The arc length ratio obtained using an
LC electrolyte decreases as the size of the initial perturbation
decreases while it remains almost constant with a standard
electrolyte. This variation can be used to determine the initial
roughness of the metal anode sample to design for a given
thickness of electrodeposited metal and final roughness/arc
length ratio that can be tolerated.
To understand the effect of liquid crystal parameters - the
elastic constant and anchoring energy on the metrics for den-
drite suppression, we performed phase-field simulations using
a range of values of the parameters K and W . Fig. 4 shows
the variation of two metrics, roughness factor R˜F and inter-
face arc length ratio L˜ with the values of these parameters.
The variation of short circuit time t˜sc is presented in Fig.
S8. The roughness factor, arc length ratio and short circuit
time are calculated when the metal electrode surface reaches
x = 90, 120 and 150 µm respectively. The roughness factor
is represented in non-dimensional form as a ratio of its value
obtained using LC electrolyte to the that obtained with a
standard electrolyte. For all metrics, we observe that the den-
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Fig. 3. Evolution of a hemispherical nucleus at the metal surface with a standard and an LC electrolyte. The LC electrolyte has values of elastic constant K˜ = 39.3 and
anchoring energy W˜ = 20. (a) Evolution of maximum x-coordinate (black line) and roughness factor (blue line) of the metal electrode surface for r = 20 µm. The growth of
the metal electrode surface with LC electrolyte (solid line) remains approximately linear while the growth with a standard electrolyte (dashed line) is much faster. The insets
show the initial condition and morphology after 120 s. (b) Maximum value of growth rate at a y-coordinate for a standard and LC electrolyte after 31 s for r = 20 µm. The
standard electrolyte has highly localized peaks of current density compared to the LC electrolyte. (c) Comparison of arc length ratio for different initial nucleus radii r at the
metal surface at xmax = 160 µm. The LC electrolyte is more effective at suppressing dendrites for smaller initial surface perturbations.
drite suppression capability is improved as the elastic constant
and the anchoring energy of the LC electrolyte is increased.
From the plot, we observe that the anchoring energy W af-
fects the metrics for dendrite suppression more than the bulk
elastic constant. The arc length ratio of 1.5 is plotted as a
contour line in Fig. 4b. The region to the right of the line
has better dendrite suppression capability. A higher elastic
constant further enhances the region of stability. Values of the
elastic constant for some common liquid crystals are given in
Table S3. The anchoring energy of nematic 5CB (4-n-pentyl-
4-cyano biphenyl) at its interface with H-terminated (001)
crystalline silicon surface and vacuum (67) is ∼ 0.14 J/m2
(W˜ ∼ 5.5 × 10−2). Further work is needed to obtain values
of anchoring energy for interface with Li. Although a limited
dendrite suppression can be achieved using these parameters,
an increase in the anchoring energy by one or two orders of
magnitude would be more suitable for battery applications.
It is worth noting that liquid crystalline properties can be
changed by temperature (28), engineering the density of pack-
ing or particle shapes (68). These can lead to the emergence
of directional entropic forces that align neighboring particles.
Weng et al. reported an increase in anchoring energy by using
vertical alignment and polymerized surfaces generated by ul-
traviolet irradiation-induced phase separation (69). Further,
nanopatterning of the surfaces using surface lithography can
lead to generation of nanogrooves which can be used to tune
the anchoring energy strength (70, 71). The dendrite suppres-
sion metrics can be further improved by increasing the molar
volume of Li in the LC electrolyte (Fig. S9).
Conclusions
In this work, we have suggested a potentially new material
class, liquid crystalline materials, as candidate electrolytes
for Li metal anodes. Additional energetic contributions due
to anchoring and distortion provides a new approach to sup-
pressing the onset of dendrite formation. Using phase-field
simulations, we demonstrate enhanced dendrite suppression
with liquid crystalline electrolytes. We identify the anchoring
energy as an important tuning property that determines the
degree of dendrite suppression as suggested by the values of the
metrics. Our model is sufficiently general and the choice of the
preferred anchoring direction in Eq. 2 has no consequence on
the dendrite suppression capability as long as there exists one
preferred direction. The results of simulations with an initial
perturbation can be used to design the initial roughness of the
metal anode sample to be used. Finally, we suggest material
design strategies that could achieve the high anchoring energy
required for dendrite suppression in practical applications.
Materials and Methods
Code is available at https://github.com/ahzeeshan/electrodep.
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MOOSE simulation parameters
All simulations were performed on a two-dimensional mesh 200 µm by 200 µm in size sampled by 200 by 200 grid points using
an adaptive time step of maximum 0.01 s. Numerical integration was performed using the bdf2 scheme while the system of
PDEs was solved using Newton method and the single matrix preconditioner as implemented in MOOSE (1). An overpotential
of 200 mV was used for all simulations.
Initial Conditions. The metal electrode is located in the region 0 ≤ x ≤ 20 µm (ξ = 1) and the electrolyte in the region 20 µm
≤ x ≤ 200 µm (ξ = 0) with the gradual variation represented by a tanh function. The Li mole fraction in the electrolyte is
set based on 1 M Li concentration in a carbonate based electrolyte. The director field of the liquid crystal n is set to (0, 1)T
throughout the electrolyte. The potential is set to -0.2 V on the electrode side and 0 V on the electrolyte side.
Boundary Conditions. In general, Dirichlet boundary conditions are employed for the left and boundaries and Neumann
boundary conditions for the top and bottom boundaries. The phase-field variable is set to 1 on the left boundary and 0 on the
right boundary The potential is set to -0.2 V in the left boundary and 0 V at the right boundary. The derivatives of phase-field
variable and chemical potential are set to zero at the top and bottom boundaries. This can be ensured through, for example,
strong anchoring at the interfaces or generation of grooves perpendicular to the plane of the simulation (2). The boundary
condition for the director is n = (0, 1)T at the right boundary and n is parallel to the tangent to the surface of the metal
electrode at the interface. The latter boundary condition is imposed using the soft constraint method (3) i.e. by adding the
energy contribution due to anchoring to the grand free energy in Eq. (5) in the main text.
Anchoring Energy
We use the form of anchoring energy proposed by Rapini and Papoular (4, 5)
Fanch =
1
2W [1− (n · np)
2] [1]
where np is the preferred direction for the liquid crystal director in contact with a surface. This form might be further reduced
to Fanch = −W (n · np)2/2 since the first term is a constant offset to the free energy. In two dimensions, if t is the preferred
direction and v ⊥ t, the anchoring free energy may be written as Fanch = −W (n · t)2 or Fanch = +W (n · v)2/2 since the two
differ only by a constant. The latter form is the one we have used in this work.
Overpotential expression
The overpotential due to the LC electrolyte in terms of its properties is given by:
nF
VM
ηLC =
δΩLC
δξ
= ∂ΩLC
∂ξ
− ∂ΩLC
∂∇ξ − h
′(ξ)
[1
2K(∇n)
2 + χ(n · ∇ξ)2
]
+ 2χ (1− h(ξ)) [div(n)(n · ∇ξ) + n · ∇(n · ∇ξ)]
Other Phase-field Equations
In the formalism developed by Plapp (6, 7), the local Li-ion mole fraction can be written in terms of the chemical potential of
Li, µ as:
cLi+ =
exp
[
(µ− Ôl)/RT
]
1 + exp [(µ− Ôl)/RT ] (1− h(ξ)) [2]
where Ôl = µ0l − µ0N is the difference in the chemical potential of Li and neutral components in the electrolyte phase at the
standard state. We use l as the superscript for the electrolyte and s for the electrode. The equation for evolution of chemical
potential is:
∂µ
∂t
= 1
χµ
[
∇ · DcLi+
RT
(∇µ+ nF∇φ)− ∂h(ξ)
∂t
(
cs
Csm
Clm
− cl
)]
[3]
where Csm and Clm are the site densities of Li in the electrode and electrolyte phases, φ is the electric potential, n is the
number of electrons transferred and c is the concentration of Li. The susceptibility χµ is given by
χµ =
∂cl
∂µ
[1− h(ξ)] + ∂c
s
∂µ
h(ξ)C
s
m
Clm
[4]
For obtaining the electric potential, we solve the conduction equation:
∇ · (σ∇φ) = nFCsm ∂ξ
∂t
[5]
where σ = σsh(ξ) + σl(1− h(ξ)) is the electronic conductivity.
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Properties of the Electrolytes
1 M LiPF6 in EC/DMC (1:1 volume ratio) is used for obtaining electrolyte properties like diffusivity D, conductivity σ etc. For
the LC electrolyte, the molar volume of Li+ is assumed to be 5.022E-05 mol/m3 (8). All properties are tabulated in Table S1.
Table S1. Parameters used in the phase-field model. The code is available from https://github.com/ahzeeshan/electrodep
Properties Value in S.I. units S.I. Units Normalized Value
RT 2494.2 J/mol 9.870E-01
γ (9) 0.556 J/m2 2.200E-01
δ 1.00E-06 m 1.000E+00
κ 8.34E-07 J/m 3.300E-01
b 6.67E+06 J/m3 2.640E+00
D (10) 3.20E-10 m2/s 3.197E+02
σs 1.0E+07 S/m=A/(Vm) 3.953E+12
σl (10) 1.19 S/m=A/(Vm) 4.704E+05
α (11) 0.5 - 0.5
i0 (12) 15 A/m2 5.929E+00
Lσ (11) 2.50E-06 m3/(Js) 6.318E+00
Lη = γVLii0/Fκ (7) 1.35E-03 1/s 1.347E-03
F 9.6485E+04 C/mol 3.814E+01
VLi+ (8) 5.022E-05 m3/mol 5.022E-02
VLi (8) 1.30E-05 m3/mol 1.300E-02
µl 173.1960308 J/mol 6.854E-02
Ôl 6565.678657 J/mol 2.598E+00
µs 34458.64644 J/mol 1.364E+01
Ôs -34458.64394 J/mol -1.364E+01
c0 1.00E+03 mol/m3 1.000E+00
Property Normalization/Scaling
The normalization constants for the different quantities are presented in Table S2.
Table S2. All variables are normalized using the following values in SI units, e.g. lengths are normalized by 10−6 m.
Variable Value
Length 1.00E-06 m
Mass 2.527 kg
Time 1 s
Moles 1.00E-15 mol
Charge 2.53E-12 C
Voltage 1.00E+00 V
Metrics for dendrite suppression
For Fig. 1 (in the main text), if the interface is given by the curve x = f(y), the arc length of the interface can be calculated
using
∫
dy
√
1 + f ′(y)2 which can be converted to a discrete summation.
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Fig. S1. Growth of metal surface with a standard [(a), (c) and (e)] and LC electrolyte [(b), (d) and (f)] at different times: 100 s [(a), (b)], 200 s [(c), (d)], 330 s [(e), (f)]. It can be
seen that the dendrites start to nucleate after 200 s and eventually develop into large dendrites after 330 s with the standard electrolyte. In contrast, the interface is quite stable
with the LC electrolyte up to 330 s. This clearly indicates that the LC electrolyte can help suppress dendrite formation.
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Fig. S2. Distortion of the liquid crystal director field n due to an initial hemispherical nucleus. The arrows show the spatial distribution of the director field of the liquid crystal in
the vicinity of the surface perturbation. It is clearly shown that the director field reorients along the hemispherical nucleus which is caused by the anchoring energy.
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Fig. S3. Comparison of the arc length ratio L˜ for αd = 0 and 1 for the case of an initial condition of (a) smooth metal surface and (b) 40 µm nucleus at the metal surface
(same as presented in the main text).
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Fig. S4. Comparison of the electrodeposition kinetics for the case of (a) standard electrolyte and (b) LC electrolyte at time=31 s. Higher the value ofMηh′(xi)f(η), higher
is the electrodeposition. The current density is much more localized at the tip of the nucleus in the case of a standard electrolyte compared to the LC electrolyte.
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Fig. S5. Evolution of the maximum x-coordinate for a standard electrolyte (dashed line) and LC electrolyte (solid line) with time. The LC electrolyte has a slower growth due to
suppression of dendrites.
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Fig. S6. Evolution of the roughness factor RF for a standard electrolyte (dashed line) and LC electrolyte (solid line) with time.
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Fig. S7. Evolution of the interface arc length ratio with maximum x-coordinate for a standard electrolyte (dashed line) and LC electrolyte (solid line). The LC electrolyte has a
slower growth of the arc length ratio due to suppression of sharp dendritic peaks.
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Fig. S8. Effect of elastic constant K and anchoring energy W on the dendrite suppression metrics: short circuit time t˜SC . The anchoring energy affects the dendrite
suppression capability of the liquid crystalline electrolyte much more than the elastic constant. The short circuit time is normalized using the corresponding time obtained for the
standard electrolyte. Note that the ideal short circuit time is not infinite and can only be increased to its maximum value obtained when the electrodeposition is perfectly smooth
with RF=0 µm.
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Fig. S9. Variation of (a) roughness factor and (b) arc length ratio L˜ with the maximum x-coordinate of the metal surface plotted for two different values of molar volume of
lithium in the electrolyte. v = VLi+/VLi is the molar volume ratio. Higher molar volume in the electrolyte results in lower roughness and lower arc length ratio. The initial
state has a 5 µm radius hemispherical nucleus.
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Table S3. Elastic constants of common liquid crystalline materials. Data obtained from Refs. (13–19)
Molecule Name K11 (N) K˜11 (Normalized)
PAA: p-azoxyanisole 9.00E-12 3.56E-06
MBBA 7.48E-12 2.96E-06
Nematic 5CB: 4-n-pentyl-4-cyano biphenyl 8.00E-12 3.17E-06
Py-7: 5-n-heptyl-2-(4’- cyanophenyl)-pyrimidine. 5.04E-12 1.99E-06
CB-7: 4-n-heptyl-4’ -cyanobiphenyl. 8.55E-12 3.38E-06
PCH-7: trans-4-n -heptyl-(4 ’ -cyanophenyl)-cyclohexane. 1.01E-11 4.00E-06
CCH -7: trans, trans -4-n -heptyl:’4 ’ -cyanobicyclohexane. 7.24E-12 2.86E-06
C -7: trans-4’ -cyanophenyl-4-n-heptylcyclohexanoate. 7.75E-12 3.06E-06
C-5: trans4’ -cyanophenyl-4-n -pentylcyclohexanoate. 7.75E-12 3.07E-06
7CB 7.3E-12 2.89E-06
6CB 3.80E-12 1.50E-06
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Movie S1. Metal electrodeposition with a standard electrolyte with a smooth initial surface of the metal. The
perturbations lead to the growth of three dendrites.
Movie S2. Metal electrodeposition with LC electrolyte with a smooth initial surface of the metal. The LC
electrolyte has non-dimensional values of elastic constant K˜ = 2δ˜2R˜T˜ /V˜Li = 39.3 and anchoring energy W˜ = 20.
Dendrites are suppressed in this case.
Movie S3. Metal electrodeposition with a standard electrolyte with a 20 µm radius nucleus at the metal
surface.
Movie S4. Metal electrodeposition with an LC electrolyte with 20 µm radius nucleus at the metal surface.
The LC electrolyte has non-dimensional values of elastic constant K˜ = 2δ˜2R˜T˜ /V˜Li = 39.3 and anchoring energy
W˜ = 20.
References
1. D Gaston, C Newman, G Hansen, D Lebrun-Grandié, Moose: A parallel computational framework for coupled systems of
nonlinear equations. Nucl. Eng. Des. 239, 1768 – 1778 (2009).
2. DW Berreman, Solid surface shape and the alignment of an adjacent nematic liquid crystal. Phys. Rev. Lett. 28, 1683–1686
(1972).
3. D Schwen, L Aagesen, J Peterson, M Tonks, Rapid multiphase-field model development using a modular free energy based
approach with automatic differentiation in moose/marmot. Comput. Mater. Sci. 132, 36 – 45 (2017).
4. J Stelzer, L Longa, HR Trebin, Rapini-papoular constants in a model nematic liquid crystal. Mol. Cryst. Liq. Cryst. Sci.
Technol. Sect. A. Mol. Cryst. Liq. Cryst. 304, 259–263 (1997).
5. A Rapini, M Papoular, Distorsion d'une lamelle nématique sous champ magnétique conditions d'ancrage aux parois. Le J.
de Physique Colloques 30, C4–54–C4–56 (1969).
6. M Plapp, Unified derivation of phase-field models for alloy solidification from a grand-potential functional. Phys. Rev. E
84, 031601 (2011).
7. Z Hong, V Viswanathan, Phase-field simulations of lithium dendrite growth with open-source software. ACS Energy Lett.
3, 1737–1743 (2018).
8. C Monroe, J Newman, The impact of elastic deformation on deposition kinetics at lithium/polymer interfaces. J.
Electrochem. Soc. 152, A396–A404 (2005).
9. L Vitos, A Ruban, H Skriver, J Kollár, The surface energy of metals. Surf. Sci. 411, 186 – 202 (1998).
10. LO Valøen, JN Reimers, Transport properties of LiPF6-based Li-ion battery electrolytes. J. The Electrochem. Soc. 152,
A882–A891 (2005).
11. L Chen, et al., Modulation of dendritic patterns during electrodeposition: A nonlinear phase-field model. J. Power Sources
300, 376 – 385 (2015).
12. F Shi, et al., Strong texturing of lithium metal in batteries. Proc. Natl. Acad. Sci. U.S.A. 114, 12138–12143 (2017).
13. D Demus, J Goodby, GW Gray, HW Spiess, V Vill, Handbook of Liquid Crystals Set. (Wiley), (1998).
14. B Tjipto-Margo, GT Evans, MP Allen, D Frenkel, Elastic constants of hard and soft nematic liquid crystals. J. Phys.
Chem. 96, 3942–3948 (1992).
15. K Skarp, ST Lagerwall, B Stebler, Measurements of hydrodynamic parameters for nematic 5CB. Mol. Cryst. Liq. Cryst.
60, 215–236 (1980).
16. WHD Jeu, WAP Claassen, AMJ Spruijt, The determination of the elastic constants of nematic liquid crystals. Mol. Cryst.
Liq. Cryst. 37, 269–280 (1976).
17. H Schad, MA Osman, Elastic constants and molecular association of cyano-substituted nematic liquid crystals. The J.
Chem. Phys. 75, 880–885 (1981).
18. NV Madhusudana, R Pratibha, Elasticity and orientational order in some cyanobiphenyls: Part IV. reanalysis of the data.
Mol. Cryst. Liq. Cryst. 89, 249–257 (1982).
19. A Pizzirusso, R Berardi, L Muccioli, M Ricci, C Zannoni, Predicting surface anchoring: molecular organization across a
thin film of 5CB liquid crystal on silicon. Chem. Sci. 3, 573–579 (2012).
14 of 14 Zeeshan Ahmad, Zijian Hong and Venkatasubramanian Viswanathan
